The polyhydroxylated nortropane alkaloids called calystegines occur in many plants of the Convolvulaceae, Solanaceae, and Moraceae families. Certain of these alkaloids exhibit potent inhibitory activities against glycosidases and the recently demonstrated occurrence of calystegines in the leaves, skins, and sprouts of potatoes (Solatium tuberosum), and in the leaves of the eggplant (S.melongena), has raised concerns regarding the safety of these vegetables in the human diet. We have surveyed the occurrence of calystegines in edible fruits and vegetables of the families Convolvulaceae, Solanaceae, and Moraceae by GC-MS. Calystegines A3, Bl, B2, and Cl were detected in all the edible fruits and vegetables tested; sweet and chili peppers, potatoes, eggplants, tomatoes, Physalis fruits, sweet potatoes, and mulberries. Calystegines Bl and Cl were potent competitive inhibitors of the bovine, human, and rat B-glucosidase activities, with K, values of 150, 10, and 1.9 uM, respectively for Bl and 15,1.5, and 1 uM, respectively, for Cl. Calystegine B2 was a strong competitive inhibitor of the a-galactosidase activity in all the livers. Human B-xylosidase was inhibited by all four nortropanes, with calystegine Cl having a K, of 0.13 uM. Calystegines A3 and B2 selectively inhibited the rat liver B-glucosidase activity. The potent inhibition of mammalian B-glucosidase and a-galactosidase activities in vitro raises the possibility of toxicity in humans consuming large amounts of plants that contain these compounds.
Introduction
The tropane alkaloids are bicyclic amines which combine pyrrolidine (five membered) and piperidine (six-membered) rings in a bridged structure. Recently, polyhydroxylated nortropane alkaloids, named calystegines, have been isolated from plants in the Convolvulaceae, Solanaceae and Moraceae (Tepfer et al., 1988; Goldman et al., 1990; Nash et al, 1993; Asano et al, 1994a,b) . The C2, C3, and C4 OH groups and ring heteroatom in the six-membered ring of (+)-calystegine B2 (Figure 1 ) possess a configuration analogous to the C4, C3 and C2 OH groups and ring heteroatom of the a-glucosidase inhibitor 1-deoxynojirimycin (DNJ) (Figure 1 ). These structural similarities suggested that calystegines might also have glycosidase inhibitory activities. Asano et al. (1994a Asano et al. ( ,b, 1995 and Molyneux et al. (1993) have reported that calystegine B2 is a potent competitive inhibitor of plant p-glucosidases and a-galactosidases, and calystegines Bl and C x of plant P-glucosidases but not of a-galactosidase. A particularly interesting aspect of the biological activity of calystegines is their potential toxicity toward animals or humans which may ingest them. As with other glycosidase inhibitors, phenotypes of specific lysosomal storage diseases may be produced, each depending upon the identity of the glycosidase which is inhibited (Dorling, 1984) . In the case of swainsonine from Astragalus, Oxytropis, and Swainsona species (Molyneux and James, 1982 ) the signs of poisoning are analogous to those of genetic a-mannosidosis, a rare disease in humans but not uncommon in Angus cattle (Dorling et al, 1978) . Castanospermine (Hohenschutz et ai, 1981) , which occurs in seeds of the Moreton Bay chestnut (Castanospermum australe), is a potent inhibitor of a-glucosidase, and signs of poisoning of livestock and humans are similar to those observed for Pompe disease, which arises from a genetic deficiency of the same enzyme (Saul et al., 1985; Molyneux et al., 1994) . Therefore, it is possible that the calystegines, which inhibit (3-glucosidase and a-galactosidase, might produce syndromes that mimic a genetic deficiency of such activities, namely, Gaucher and Fabry disease, respectively (Dorling, 1984; Molyneux et al, 1994) . The demonstrated occurrence of calystegines in the leaves, skins, and sprouts of potatoes (Solarium tuberosum), and in the leaves and fruits of the egg plant (S.melongena) (Nash et al., 1993; Drager et al, 1995) , raises concerns regarding the safety of these vegetables in the human diet In this article we report a survey of the occurrence of calystegines in edible fruits and vegetables and the inhibitory activities of calystegines against bovine, human, and rat liver glycosidases.
Results

The occurrence of calystegines in edible fruits and vegetables
The edible fruits and vegetables in the families Solanaceae, Convolvulaceae, and Moraceae were analyzed for calystegines by GC-MS, and the results are summarized in Table I . The tetrahydroxylated calystegine B2 was present in varying amounts in all of the species analyzed, but particularly high concentrations were found in commercially available sweet peppers, eggplants, and sweet potatoes in Japan. In those species which were found to contain more than one calystegine, the concentration of calystegine B2 was generally higher than those of the other polyhydroxylated nortropanes. Only 6 of the 11 species analyzed contained the trihydroxylated calystegine A3, the highest concentrations being found in tomatoes and potatoes. Similarly, five species contained calystegine Bl. However, the distribution of the pentahydroxylated calystegine Cl was more limited as this compound was only found in sweet peppers, cape gooseberries, and sweet potatoes. The variability of both the type and concentration of calystegines detected in potatoes, eggplant, and sweet potatoes analyzed in Japan and the United Kingdom could be due to varietal or climatic differences (Table I) .
Inhibitory effects of calystegines toward mammalian liver glycosidases
The effects of the calystegines A3, Bl, B2, and Cl, found in edible fruits and vegetables, on mammalian liver glycosidases were investigated by assaying 12 activities using synthetic substrates. The ICJO and Kj values for the calystegines that inhibited glycosidases are shown in Table n . Calystegines Bl and Cl competitively inhibited the (3-glucosidase activity in all three species, whereas A3 and B2 only inhibited the rat liver (3-glucosidase, suggesting that the calystegines mimic the active site of the rat enzyme to a greater degree than those of the bovine and human enzymes. Purified human lysosomal fi-glucosidase was completely inhibited by calystegine B1 at 1 \LM concentration. Calystegines Bl and Cl have been shown previously to be potent competitive inhibitors of almond P-glucosidase with Kj values of 1.8 and 0.45 \iM, respectively (Asano etal, 1995) . In contrast, human (3-xylosidase was more vulnerable to inhibition than the rat liver enzyme and was inhibited by all four compounds. Calystegine B2 inhibited ot-galactosidase from all 3 species with the rat enzyme again being the most severely affected. Calystegine A3 was a moderate inhibitor of human ot-galactosidase but did not inhibit the bovine or rat enzymes. The a-galactosidase activity in all these species was unaffected by calystegines Bl and Cl. The P-galactosidase activity in the crude human liver-extract was inhibited by 85% by lmM calystegine Bl. When the human lysosomal {J-galactosidase was separated from the broad specificity, cytosolic P-glucosidase / P-galactosidase, it was only weakly inhibited (40% at lmM), indicating that the cytosolic enzyme contributes to the total P-galactosidase activity in the human liver extract and is inhibited by Bl. Calystegine Bl inhibits bovine liver p-galactosidase competitively (Kj, 1.6 |xM) (Asano et al, 1995) .
Discussion
The concentrations of calystegines in the edible fruits and vegetables tested in this work are relatively low. However, Drager et al. (Drager et al., 1995) have reported that the calystegine content varies greatly within one plant and that the calystegine B2 content is 400 jig/g tissue in sprouts growing from greening potato tubers that were kept in daylight for 2 weeks, compared with 7 u,g/g for the whole plant. Nash et aL (Nash et al, 1993) found calystegine levels of 0.01% of the skin fresh weight of the potato cultivar "Estima," while the concentration of the rest of the tuber was one-tenth of this amount. It is noteworthy that there have been periodic reports of gastrointestinal disturbances and occasional deaths associated with consumption of greened potatoes and potato skins, and that potato leaves and sprouts are eaten in Pakistan. We have found that the calystegine contents in the edible parts of egg plants in the United Kingdom were very low, whereas the levels of calystegines A3, Bl, and B2 in the leaves were 14, 34, and 194 u,g/g dry leaves, respectively. The calystegine content appears to vary greatly among cultivars because the shop-bought eggplants in Japan contained a calystegine B2 level of 73 n-g/g fresh weight.
Effects of calystegines on liver glycosidases
The introduction of a hydroxyl group at Cdexo in calystegines A3 and B2 to give Bl and Cl, respectively, markedly enhances the inhibition of the lysosomal (3-glucosidase in all three species and of the human and rat (3-xylosidase. This suggests that the hydroxylated pyrrolidine ring is the key structural determinant for inhibition of p-glucosidase and (3-xylosidase. In contrast, the addition of this group abolishes the inhibition of bovine, human, and rat a-galactosidase by calystegine B2 and of human a-galactosidase by calystegine A3. It is difficult to understand the structural basis for the selective inhibition of a-galactosidase by calystegine B2 but the configuration at carbons 1, 4, and 5 is the same as in carbons 1, 4, and 5 of a-galactose although the substituents at C2 and C3 are in the wrong configuration. The configuration of the hydroxyl at C6 must be inappropriate. It would be interesting to test the C6 epimer of calystegine Cl for inhibition of a-galactosidase.
Potent glycosidase inhibitors do not need to be present at high concentrations for toxic effects. In the case of the a-mannosidase inhibitor, swainsonine, the low concentration ingested is made more effective by its ability to permeate the plasma and lysosomal membranes freely, and to become concentrated inside the lysosomes because it becomes protonated due to the low pH (Chotai et al, 1983) . A threshold of toxicity is difficult to establish but a conservative estimate of the concentration of swainsonine in the diet which should be of concern could be as low as 0.001% of the dry weight of the plant (Molyneux et al., 1994) . As shown in this work, the presence of calystegines in human foods such as tomatoes, potatoes, eggplants, and sweet potatoes poses the question as to the effect that these compounds might have on humans. Furthermore, it has been established in this work that there are differences between mammalian groups in the susceptibility of their liver glycosidases to inhibition by calystegines. Although, calystegines Bl and Cl potently inhibited human liver lysosomal fi-glucosidase, preliminary experiments have indicated that they do not cause additional lysosomal storage in human fibroblasts in culture for one week in the presence of 1 mM of the calystegine (B. Winchester, unpublished observations). Animal feeding experiments with the pure calystegines are being carried out.
Materials and methods
Extraction of calystegines from plant materials for identification
Fresh plant materials (in the case of mulberries, dried fruits) were homogenized with 50% MeOH or EtOH in a Waring blender and allowed to stand for 24 h at room temperature. The mixture was filtered and centrifuged. The supernatant was applied to a column of Amberlite IR-120B (H + form) and the adsorbed fraction, after elution with 0.5 M NH 4 0H, was further applied to a column of Dowex 1-X2 (OH'foim) and eluted with water. The water eluate was concentrated and lyophilized.
GC-MS analysis
Samples were dried and silylated using 100 (xl of Sigma SIL-A (Sigma Chemical Co.). The samples were heated at 30°C for 30 min and then 0.3 u.1 was injected directly onto a GC column (25 m x 0.25 mm BPX5 capillary column, SGE). The temperature program ran for 25 min, 18O-3OO°C with an initial rate of increase of 10°C per min and was then held at 300°C. The mass spectrometer was a QMASS 910 (Perkin-Elmer) with the El mass range set at 100-650 amu. The identity and quantification of the calystegines were assessed by GC-MS of reference samples.
Enzyme assays
The partially purified lysosomal fraction prepared by the procedures of (Tsuji et aL. 1977) was used as a source of rat or bovine liver lysosomal glycosidases. The lysosomal glycosidase activities were assayed using the appropriate pnitrophenyl glycosides (Sigma Chemical Co.) as substrates at a concentration of 2 mM in 0.05 M sodium acetate buffer, pH 5.0. The human liver extract was prepared according to the method of Winchester et aL (Winchester et aL, 1990) . The glycosidase activities in the extract of human liver were assayed by using the appropriate fluorigenic 4-methylumbelliferyl glycoside substrate (Melford Laboratories) at a concentration of 0.5 mM, at the optimal pH for each enzyme (Burditt et aL, 1980) . Enzyme inhibition modes and K, values of the calystegines were determined from the slope of Lineweaver-Burk plots, or by the Dixon procedure.
